The DEHPA/Alamine 336 process has been applied at industrial scale (Ballestrin et al., 2014) . Sodium carbonate is used for stripping. Challenges associated with this process include crud formation due to iron carry-over to the strip circuit, solvent loss, and third-phase formation (Ballestrin et al., 2014; Quinn, Wilkins, and Soldenhoff, 2013) . Sulphuric acid stripping has been tested with this reagent mix, but the concentration of acid required is significantly greater than that used in conventional strong-acid strip circuits using tertiary amines (Soldenhoff et al., 2005) .
The application of phosphine oxide-type reagents, such as tri-octyl phosphine oxide (TOPO), has also been reported. These reagents are not amenable to sulphuric acid stripping, and ammonium sulphate has been suggested (Dudley and Sumner, 2014) .
A study on the application of Cyanex 272 in this context has shown that high uranium loadings can be achieved at chloride concentrations commensurate with those found in seawater. Furthermore, the solvent is selective for uranium over ferric and can be stripped with 4 M H 2 SO 4 (Quinn and Soldenhoff, 2015) . A comparative study examining these options with respect to uranium loading, selectivity over ferric ion, response to strong acid stripping, and Uranium recovery from high-chloride sulphate leach solutions: A cost tradeoff study of using treated water vs. saline water as make-up water by E.L. Forner*, S.J. Archer*, V.E. Coetzee*, K. Soldenhoff † , and J. Quinn † Uranium recovery from high chloride sulphate leach solutions requirement for phase modifier showed that Cyanex 272 performed best against these process-relevant criteria (Soldenhoff and Quinn, 2015) .
The presence of chloride has wide-ranging implications for the overall hydrometallurgical flow sheet, apart from its impact on the SX process. The broader implications of operating in a high chloride environment have not previously been considered in detail. In this paper, we examine the relative merits of using a conventional SX process for uranium based on tertiary amines, coupled with a water treatment plant to remove chloride, as opposed to using a chloride-tolerant SX process based on Cyanex 272 coupled with high-salinity process water. The relative merits of these two approaches are compared with reference to the implications for the capital and operating expenditure (CAPEX and OPEX).
Two uranium SX recovery circuits were modelled and compared. The differences in the overall flow sheets are presented in Figure 1 and Figure 2. circuit would need to be tested for acid recovery in high-chloride solutions. In this option, a chloride concentration in the process water in the order of 20 g/L Cl − was modelled, similar to that in seawater.
It was assumed that there is no chloride contribution from the ore. Peroxide precipitation was modelled for both flow sheets to facilitate comparison of the two flowsheets on the same basis. One of the main factors affecting the selection of the unit operation for uranium purification is the uranium tenor of the pregnant leach solution (PLS). An ore head grade of 650 ppm U 3 O 8 , typical of areas such as Namibia, was used for this trade-off. After leaching, with a uranium recovery of about 89%, the PLS typically contains 0.52 g/L U 3 O 8 . According to Brown and Haydon (1979) , SX is economically favoured over ion exchange (IX) at PLS tenors greater than 0.9 g/L U 3 O 8 , whereas IX is more economical below 0.35 g/L U 3 O 8 . Additionally, at higher uranium concentrations, SX is beneficial after countercurrent decantation (CCD) (van Tonder and Kotze, 2007) . Accordingly, the overflow from the CCD in the two flow sheets is recycled to leach to build the PLS uranium tenor in order to warrant the use of SX instead of IX, and the overflow from the post-leach thickener proceeds to SX at a higher tenor of 0.83 g/L U 3 O 8 .
In this paper, we traded off the materials of construction (MoC) for two treated water options (1a and 1b) and two seawater options (2a and 2b), shown in Materials selection for high-saline applications with soluble salts/sulphates depends on many factors, including salt concentration, acid concentration/pH, materials composition, compatibility, and strength, processing characteristics (abrasion), as well as cost and availability. Newer high-alloy stainless and duplex steels, which were unavailable a few decades ago, are now commonplace as MoC. Soluble salts, particularly chlorides and sulphates, initiate and accelerate corrosion of steel, becoming deeply embedded within the iron corrosion products. Furthermore, when selecting linings for carbon-or mild steel tanks, cognisance needs to be taken of operating conditions. In this section, the factors influencing material selection are reviewed. The benefits and limitations associated with common steels and tank linings implemented in modern-day hydrometallurgical applications are also discussed.
® Pitting resistance equivalent number (PREN)-PREN is
a theoretical way of comparing and ranking the pitting corrosion resistance of various types of stainless steels, based on their contents of chrome, nickel, and molybdenum. Steels with PREN less than 32 are generally not considered corrosion-resistant in seawater. According to the empirical relationship (Equation [1]), the pitting resistance of stainless steel alloys increases as the contents of these three alloying elements are raised. The typical compositions of some stainless steels incorporated in this study are given in Table I , which also provides data on their mechanical properties (Goldswain and Rogers, 2017a) , PREN, and critical pitting temperature (CPT).
® Critical pitting temperature (CPT)-There is no single measure of corrosion resistance and PREN alone cannot be used to predict whether a particular grade will be suitable for a given application where pitting corrosion may be a hazard. Hence, an additional means of ranking steels is used, namely the CPT, which uses an electrochemical method, ASTM G150, in 1 M NaCl. In this test, the temperature is determined when pitting starts to develop (Outokumpu, 2013) . ® Steel mechanical strength-Duplex stainless steels have roughly twice the yield strength of their counterpart austenitic grades. This allows equipment designers to use thinner gauge material for vessel construction, resulting in large savings in the manufacturing phase. The tank walls can be significantly thinner, yet safe in use (Goldswain and Rogers, 2017b) .
® Rubber linings and epoxy coatings are subject to certain limitations in their application:
-Contaminants, such as soluble salts on a steel surface, can prevent bonding during application and establish osmotic driving forces promoting water permeation and blistering of rubber lining -Organic coatings like natural rubber dissolve and swell in the presence of the organic solvents used in SX circuits; therefore, no rubber-lined platework is used in SX -Organic coatings and solvents are also susceptible to thermal degradation. The uranium circuit is therefore designed for temperatures less than 40°C.
Each data point shown in Figure 4 represents the cost ranking of a fabricated tank, at a specific size/volume, in a selected material, relative to a 9 m 3 mild steel tank. Fabrication implies the cost of material and the cost of labour has been accounted for. Typically, the fabricated cost is twice the material cost (Goldswain and Rogers, 2017b) .
Uranium recovery from high chloride sulphate leach solutions 97 VOLUME 118 Material quantities were estimated using DRA's bill of quantities. Tank platework material quantities were then factored based on the storage tank shell thickness tool provided by Outokumpu (2015) . The tool is based on API650 and EN14015 standards, which allowed us to estimate the material consumption for the cylindrical shell of a tank and to compare how steel grade affects material consumption and cost. We also considered the cost differentials of shop-and site-fabricated tanks.
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In this paper, we traded off MoC for two treated water options (1a and 1b) and two seawater options (2a and 2b), shown in Table II . Option 1a considered mild streel rubber-lined (MSRL) platework and represented the basis of comparison. Option 2a considered the equivalent materials of construction for circuits containing high chlorides (20 g/L Cl − ). The other two options (1b and 2b) offered more corrosion-resistant MoC for mechanical equipment and platework. Mechanical equipment included agitators and thickener rake mechanisms. Platework included tank and thickener shells. These parameters were applied only to the wetted unit operations of the front-end circuit shown in Figure 1 . For all options, the mill and thickener platework was mild steel with rubber liners/lining. DRA has implemented mills/scrubbers with rubber liners and anodic protection in high-chloride seawater applications. Two such projects include De Beers' diamond-mining vessels operating off the Namibian coast, involving preferential Kawasaki ball mills as well as the mill installed on the Ya Toivo.
® Options 1a and 2a-Rubber linings and epoxy vinyl ester coatings exhibit excellent compatibility with dilute sulphuric acid (up to 5 g/L H 2 SO 4 ) that will be present in the leach and CCD areas. Rubber lining and epoxy coating are also highly resistance to chlorides in option 2a, if correctly applied to the tank surfaces. Mild steel/epoxy coating is more costly than mild steel/rubber lining. Consequently, we used rubber as the lining for the mild steel options (1a and 2a). ® Option 1b-This option represented 'standard' materials of construction for a conventional uranium processing circuit where chlorides are not of concern. Historically, SS316 has been a 'safe' material to specify for use on hydrometallurgical plants, although there has been a move to duplex in recent years. The PREN number for SS316 is 24, compared with 26 for LDX2101® and 2304. In terms of corrosion resistance, the 'good/better/best' basis would be SS316/LDX2101 ® /2304. Lean duplex steel 2304 has a CPT of about 28°C, while LDX2101 ® has a CPT of around 20°C. ® Option 2b-In dilute sulphuric acid contaminated with chloride ions: -Super-duplex steel SAF2507 has better corrosion resistance than SS904L, which is a highly alloyed austenitic steel grade specially designed to resist sulphuric acid (shown in Table I by a higher PREN and CPT, 88°C for SAF2507 versus 65°C for SS904L) -The material cost of SS904L is approximately double that of SAF2507 -Thinner gauge material (less material) is used with SAF2507 than SS904L due to the higher mechanical strength of SAF2507 (shown in Table  I by the 0.2% proof yield strength).
For these reasons, SAF2507 was selected as the 'highspecification' material (option 2b) for seawater.
The main differentials affecting CAPEX were due to SX circuit size and are summarized in Table III L throughout the rest of the uranium circuit was the same for both flow sheets. The SX equipment for the scrubbing and stripping sections of the treated water option (Alamine 336 organic) was approximately double the size of that in the seawater option (Cyanex 272 organic). The sizes of the extraction circuits for the two flow sheets were the same. For the seawater-Cyanex 272 option, chlorides will be present in the extraction and scrubbing sections of the SX circuit, in the PLS, and the entrained aqueous within the loaded organic. The acidic raffinate containing chlorides is returned to CCD as wash liquor and eventually to leach to build up uranium tenor. The scrub liquor is recycled to the first SX stage. The scrubbed organic, free of chlorides, proceeds to stripping. Mass balance modelling showed that chloride transfer to the stripping circuit is negligible due to the flow rate of the scrub liquor and assumed PLS entrainment concentration. Furthermore, the already low concentrations of chlorides will be further diluted to trace amounts before entering nanofiltration. For simplicity, it was assumed that materials of construction are the same throughout each SX circuit.
The main differentials affecting OPEX can be attributed to the SX circuit size, number of unit operations, organic loadings, and reagent requirements for scrubbing, stripping and regeneration. OPEX is also affected by the desalination plant size. Design parameters affecting OPEX are summarized in Table IV. Analysis was done on a bare-bones basis, in real terms, and excludes the effects of taxes, interest, financing terms, or any cost escalation. The costs shown are not to be regarded as definitive, but rather differential costs relative to the basecase option 1a. Any costs considered to be common between the various options were excluded from the analysis. The technical basis for comparison of the system economics is provided in Table V. The CAPEX estimate was based on the following: ® Differences in the major mechanical equipment ® The use of typical process design parameters (PDP) for compiling the mass balances that were then used to size major equipment ® Mechanical equipment costs were determined from recently executed studies, DRA's internal database, and selected vendor quotes (Heyns, 2017; Pryor, 2017) ® Internal DRA factors were applied to the two SX circuit mechanical costs for civils, structural (supply and erection), platework (supply and erection), mechanical erection, piping (supply and installation), electrical, control and instrumentation (supply and installation), transport, project services, preliminary and general costs ® For the smaller SWRO plant, it was assumed that two SWRO skids, each capable of producing 55 m 3 /h (at average water temperature), would be required. In winter, at low water temperature, the two skids would produce >100 m 3 /h and in summer would be able to produce more than the required amount (80 m 3 /h, nominal) ® For the large SWRO plant, it was assumed that three SWRO skids, each capable of producing 83 m 3 /h (at average water temperature), would be required. In winter, at low water temperature, the three skids would produce >220 m 3 /h and in summer would be able to produce more than the required amount (200 m 3 /h, nominal) ® Piping was excluded as a differential as it was assumed to be high-density polyethylene (HDPE) ® Pump costing was excluded as a differential. It was assumed that slurry pumps in both flow sheets would have high-chrome metal impellers and liners and solution pumps would have ethylene propylene diene monomer (EPDM) rubber impellers and liners.
Reagent costs were obtained from DRA's recently updated reagent database. Reagent consumptions were based on test work (ANSTO test work in the case of SX) and were determined using high-level mass balances. Reagent consumptions for the RO plants were based on estimates.
Power consumption and labour costs for the RO plants were provided by Prentec (Pryor, 2017) . The power estimate included seawater abstraction into the product water tank. The estimate assumed that desalination would be at the coast and excluded delivery to the mine. Power for the SX circuit was estimated from equipment sizing. Power for the rest of the uranium processing plant is not a differential and was therefore not included.
Maintenance costs are factored for mechanical replacement cost, platework and rubber lining maintenance, and valve maintenance. Piping maintenance was excluded.
Grinding media for milling for option 1 is forged steel balls and for option 2 the media is of the high-chrome variety. Grinding media consumption was assumed the same, with costs of materials of construction varying. Membrane life for the SWRO plants was five years. Mill liners were excluded as a consumable cost.
The CAPEX and OPEX cost estimates are summarized in the bar charts shown in Figures 5a and 5b . The bars show the estimated costs for a 75% confidence range, as well as the maximum and minimum ranges expected. OPEX estimates are annual expected costs. The OPEX estimates in Figure 5a were based on upside and downside supply cost. The main factors affecting OPEX included:
® SX strip liquor acid consumption: the two flow sheets use different amounts of acid for stripping uranium. Option 1 requires more acid. Acid supply costs are based on US$109 per ton, with an upside of US$60 per ton and downside of US$140 per ton (based on feedback from numerous reputable reagent suppliers). ® SX diluents contribute a noteworthy portion to the OPEX cost in both options. ® SX regeneration agents, sodium carbonate (Na 2 CO 3 ) and sodium hydroxide (NaOH), contribute to a higher baseline OPEX for option 1. Option 2 has no organic regeneration step in SX. The Na 2 CO 3 cost is based on US$594 per ton, with a range from US$416 to US$772 per ton. ® Power usage for a large RO plant increases the OPEX in option 1.
The box-plot graph shown in Figure 6 shows the differential net present cost (NPC) for each option relative to the base case. Figure 6 demonstrates that all options relative to the base case will return improved cash flows over a 15 year life-ofmine, despite the higher capital expenditure required. The flow sheet options that consider the use of seawater, namely options 2a and 2b, provide the highest cost savings over a 15-year life-of-mine. The expected life-of-mine economic benefit is calculated to be between US$0.5 million and US$4.5 million. Option 1b is expected to provide some cost benefit when compared with the base-case option 1a, mainly because of reduced platework maintenance costs. There is, however, a moderate likelihood of breaking even with the base-case option, in terms of life-of-mine cost savings.
Tornado charts, indicating the major uncertainty contributors, for options 1b, 2a, and 2b relative to the base-case option 1a are shown in Figure 7 , Figure 8 , and Figure 9 , respectively.
In Figure 7 , the greatest uncertainty lies in the platework maintenance cost for the option 1b differential NPC. In option 1a, it is the cost of maintaining MSRL platework compared with maintaining SS316/2304 platework in option 1b.
For option 2a in Figure 8 , the greatest uncertainty lies in the super-duplex stainless steel mechanical cost (rake mechanism). The power cost of the RO plants, SX diluents, and acid supply costs are significant contributors to economic uncertainty. Nonetheless, even at the extremities of these supply costs, this option using seawater is expected to return economic benefits to the project.
For option 2b in Figure 9 , the greatest uncertainty lies in the super-duplex stainless steel mechanical and platework costs. At the downside of the SAF2507 supply cost estimate, the use of high-alloy materials, for a high-chloride circuit is not expected to return economic benefits.
The aim of this trade-off study was to propose a hypersalinetolerant uranium processing flow sheet through the use of an alternative uranium SX organic, Cyanex 272, and to determine whether this is an economically viable option.
A stochastic approach was used to quantify the differentials in expenditure between uranium processing with SWRO-treated water and seawater. Together with a basic high-level evaluation of the CAPEX and OPEX requirements, a comparison of the economics revealed that a flow sheet incorporating a hypersaline water source is an economical option when MSRL platework and super-duplex SAF2507 mechanicals are used. Nevertheless, the concentration of U 3 O 8 in the PLS plays key part in the selection of the process route and the SX purification route.
Chlorides in combination with sulphate salts and acidic solutions are not well understood in industry. Engineering design companies should open a dialogue with steel suppliers and vendors to find suitable MoC for these corrosive Uranium recovery from high chloride sulphate leach solutions VOLUME 118 101 L Uranium recovery from high chloride sulphate leach solutions applications, which are becoming more commonplace as orebody grades decline and clean water sources become scarce.
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